A recent development in cancer gene therapy has revolved around the use of genetically engineered, replication-conditional (oncolytic) viruses to deliver cytotoxic genes to tumor cells as well as destroy them directly via lytic infection (14, 32). The use of replication-conditional herpes simplex virus type 1 (HSV-1) mutants appears promising for both purposes, as its intraneoplastic replication should allow enhanced anatomic spread of anticancer effects throughout an inoculated tumor mass and augmentation of this effect by delivery of anticancer genes (4, 38) . This might circumvent the limited anatomic spread observed with the inoculation of replication-defective vectors and/or producer cells into human tumors (43, 47) .
A recent development in cancer gene therapy has revolved around the use of genetically engineered, replication-conditional (oncolytic) viruses to deliver cytotoxic genes to tumor cells as well as destroy them directly via lytic infection (14, 32) . The use of replication-conditional herpes simplex virus type 1 (HSV-1) mutants appears promising for both purposes, as its intraneoplastic replication should allow enhanced anatomic spread of anticancer effects throughout an inoculated tumor mass and augmentation of this effect by delivery of anticancer genes (4, 38) . This might circumvent the limited anatomic spread observed with the inoculation of replication-defective vectors and/or producer cells into human tumors (43, 47) .
Two broad types of replication-conditional HSV mutants in a single gene have been studied to date. The first consists of viral mutants with defects in the function of a viral gene needed for nucleic acid metabolism, such as thymidine kinase (32) , ribonucleotide reductase (RR) (5, 6, 18, 34) , or uracyl N-glycosylase (44) . The second consists of viral mutants with defects in the function of the ␥34.5 gene (8) , which functions as a virulence factor by markedly enhancing the viral burst size of infected cells through suppression of the shutoff of host protein synthesis (11, 13) . The single-mutant strains have certain inherent limitations, including resistance to ganciclovir for mutants in thymidine kinase (34) , the risk of reversion to wild-type by a single recombination event with wild-type virus, and reduced oncolytic efficacy for ␥34.5 mutants, at least in certain tumor cell lines (26, 37, 51) .
In an effort to decrease the risk of wild-type recombination, HSV viruses that are multiply mutated have been developed. These include mutants G207 (35) and MGH1 (26) , which possess deletions of both copies of ␥34.5 and an insertional mutation of RR and the ␥34.5-uracil N-glycosylase mutant strain 3616UB (45) . These double-mutant strains demonstrate markedly reduced neurovirulence upon direct intracranial injection, retain sensitivity to ganciclovir, and show relatively selective replication in tumor cells compared to normal tissues. Such double-mutant HSV strains retain the defective ␥34.5 gene, thus demonstrating little virulence toward normal tissues. Although, they clearly demonstrate oncolytic effects against tumor cells, such effects are less than those observed in mutants with intact ␥34.5 genes (26, 46) . However, the toxicity exhibited by an intact ␥34.5 gene might reduce the potential application of the latter viruses as oncolytic agents.
We reasoned that transcriptional retargeting of ␥34.5 might provide a means to achieve selective virulence for tumors while retaining attenuated virulence for normal tissues. In this report, we have reintroduced the ␥34.5 gene into an RR-␥34.5 double-mutant strain (MGH1) under transcriptional control of the cell-cycle regulated, cellular B-myb promoter. We show that this novel oncolytic virus (Myb34.5) remains as oncolytic as a single RR mutant virus that possesses a wild-type ␥34.5 gene yet retains a favorable toxicity profile upon intracerebral inoculation in mice, in that its 50% lethal dose (LD 50 ) is Ͼ10 7 PFU, a value comparable to that observed with a ␥34.5 deletion mutant. These findings thus show that transcriptional retargeting of a viral gene responsible for preventing the shutoff per group for 9L gliosarcoma cells and six animals per group for human U87⌬EGFR glioma cells). Fourteen (for 9L) or ten (for U87⌬EGFR) days after tumor implantation, animals with similar tumor volumes were randomly divided, and various viral strains were injected intratumorally at 5 ϫ 10 7 PFU/dose in 100-l volumes on days 1, 3, 5, and 7. Animals were euthanatized at day 33 (9L) or day 34 (U87⌬EGFR). Tumor volumes were measured with external calipers as previously described (53) . For neurotoxicity experiments, BALB/c mice were stereotactically injected in the right frontal lobe (depth, 3 mm) with 10-l volumes of virus at different dilutions, up to the highest stock titers obtainable. Animals were checked daily for 28 days. All animal studies were performed in accordance with guidelines issued by the Massachusetts General Hospital Subcommittee on Animal Care. Viral inoculation and care of animals harboring viruses were performed in approved viral vector rooms.
RESULTS
Engineering of Myb34.5. The multiply mutated virus Myb34.5 was constructed by recombining a B-myb promoter-␥34.5 construct into the UL39 (also known as ICP6 or RR) locus of MGH1. MGH1 (26) was generated by recombining a lacZ cDNA into the ICP6 locus of the ␥34.5 deletion mutant R3616 (11) . Figure 1A provides a schematic of the DNA structure of Myb34.5. This structure was confirmed by restriction endonuclease mapping (data not shown), Southern blot hybridization ( Fig. 1B to D) , and sequence analysis (data not shown) of the junctions between UL39 and the B-myb promoter-␥34.5 expression cassette. To show the deletion of lacZ in Myb34.5, XhoI-digested Myb34.5 DNA was hybridized to probes containing either ICP6 (Fig. 1B) or lacZ sequence (Fig.  1C) . As expected, the parental virus, MGH1, contained a 9.0-kb XhoI ICP6-lacZ fragment (26) that hybridized to an ICP6 probe (Fig. 1B) . Homologous recombination led to the deletion of lacZ and additional ICP6 sequence and insertion of the B-myb promoter-␥34.5 sequence. This is evident by hybridization of the ICP6 probe to a 6.7-kb fragment in Myb34.5 DNA (Fig. 1B) . Hybridization with a LacZ probe revealed the absence of hybridizing fragments in digested DNA from Myb34.5 and the presence of the expected 9.0-kb hybridizing fragment in digested DNA from MGH1 (Fig. 1C) . To confirm that Myb34.5 possessed a reintroduction of the ␥34.5 gene, BamHI-digested viral DNA was hybridized with a BstEII-Bbs ␥34.5 fragment (internal to the deleted regions). This demonstrated a ladder of hybridizing bands that is typically observed with the wild-type F strain (11, 35) . As discussed in the work of Chou et al. (1991) , ␥34.5 maps in BamHI S and SP fragments, forming a characteristic ladder of bands at 500-bp increments, which are a consequence of a variable number of a sequences in the repeats flanking the unique sequences of the long component. This ladder is observed in the Southern blot for the F strain (lane 1 of Fig. 1D ), where the top hybridizing bands represent the BamHI SP fragment, formed by the fusion of the terminal BamHI S fragment with BamHI P, while the lower hybridizing bands represent the BamHI S fragment (11) . In R3616 and its derived viruses, MGH1, Myb34.5, and Myb34.5Revt, a similar ladder of hybridizing bands whose molecular size was decreased by approximately 1 kb (the size of the internal deletion of ␥34.5 in R3616) would be expected if a full-length ␥34.5 cDNA probe were employed for hybridization. In fact, in the work of Chou et al. (11) this pattern of hybridization is evident for R3616, and in the work of Kramm et al. (26) this pattern of hybridization is evident for MGH1. However, for the Southern analysis shown in Fig. 1D a BstEIIBbs ␥34.5 fragment that is internal to the 1-kb deleted fragment of the ␥34.5 gene of R3616, MGH1, Myb34.5, and Myb34.5Revt was employed as a probe. Therefore, no hybridizing bands are observed for MGH1 (Fig. 1D, lane 2) and Myb34.5Revt (Fig. 1D, lane 4) , while a single 5.3-kb hybridiz-ing fragment is observed for Myb34.5 (Fig. 1D, lane 3) , corresponding to the ␥34.5 gene, reintroduced into the ICP6 locus.
In order to demonstrate that the altered phenotype of Myb34.5 was the result of the B-myb-␥34.5 insertion, a revertant (marker-rescued) virus, designated MybRevt, was also engineered. This was achieved by homologous recombination, with Myb34.5 as the parental strain and linearized pKX2-BG3 as the recombining plasmid. This plasmid contains the lacZ-ICP6 insertion and was used to create hrR3, the source of the ICP6::LacZ fusion region in MGH1 (19, 26) . The MybRevt revertant demonstrated a pattern of hybridization to the ICP6 (Fig. 1B) , LacZ (Fig. 1C) , and ␥34.5 ( Fig. 1D ) probes upon Southern analysis that was identical to that shown by MGH1, the parent strain of Myb34.5. A list of the mutant viruses employed in this study is provided in Table 1 .
Functional expression of ␥34.5. To confirm that Myb34.5 produced functional ␥34.5 protein, human SKNSH neuroblastoma cells were infected with a variety of viral strains. Fig. 2 shows that, as expected, MGH1 and the revertant virus (MybRevt) failed to prevent the infected-cell response consisting of shutoff of protein synthesis which is characteristic of intact ␥34.5 function (13). However, Myb34.5 and other strains with , and Myb34.5. All strains contain the typical HSV genome with two unique segments one long and one short (UL and US, respectively), each flanked by inverted repeat elements (ab and ca, respectively) (33) . Depending on their localization in either unique or repeat segments, the HSV genes are present in one or two copies. The locations of the diploid ␥34.5 genes and of the thymidine kinase gene (tk) are shown in the top construct, representing wild-type F strain HSV. In the middle construct, the insertion of a lacZ cDNA (gray box) into a BamHI site within ICP6 (19) and the deletions (⌬) within ␥34.5 are shown for MGH1 (26) . The lower construct shows the site of recombination of the B-myb promoter (black box)-␥34.5 (hatched box) expression cassette into ICP6, giving rise to the novel virus Myb34. intact ␥34.5 (wild-type F and hrR3) prevented the infected-cell response (shutoff of protein synthesis), thus leading to viral protein production.
Additional evidence that Myb34.5 expressed functional ␥34.5 protein was provided by assessment of viral replication in the U373 glioblastoma cell line which has been previously noted to restrict replication of ␥34.5 mutant HSV strains (37) . After infecting 5 ϫ 10 5 cells at a multiplicity of infection (MOI) of 1.0 and harvesting viral output 48 h later, Myb34.5 yields were 1.1 ϫ 10 7 PFU, while those for the F strain were 5.0 ϫ 10 7 PFU. In contrast, yields of MGH1 (3.3 ϫ 10 4 PFU) or MybRevt (3.4 ϫ 10 4 PFU) (averages of triplicate experiments) were significantly less. The ability of Myb34.5 to efficiently replicate in this nonpermissive line, in contrast to that of MGH1 or MybRevt, indicates that the encoded ␥34.5 in Myb34.5 was functional.
Neurotoxicity studies. One important characteristic of any replication-competent HSV strain is its level of neurovirulence, which can be assessed both in vitro and in vivo. The ability of the Myb34.5 virus to replicate in primary neuronal cultures was measured in comparison to the F, hrR3, MGH1, and MybRevt strains. Murine fetal striatal neurons were infected, and viral yields were assessed by plaque assay on Vero cells (which do not require ␥34.5 for efficient viral replication). While the wild-type F strain demonstrated vigorous replication in neurons, all the mutant strains, including Myb34.5, demonstrated minimal viral replication ( Table 2) .
We then tested the neurovirulence of Myb34.5 in the cerebrums of BALB/c mice. Table 3 shows that Myb34.5's LD 50 was 2.7 ϫ 10 7 PFU, at least 3 logarithmic units higher than that of F strain (wild-type). The ␥34.5 mutants (MGH1, R3616, and MybRevt) do not grow well, and achievement of titers of Ͼ10 9 pfu/ml is prohibitive without large-scale production. This limited our ability to estimate accurately the LD 50 for these mutants in these experiments. For comparative purposes, one of six mice perished when inoculated intracerebrally with 10 7 PFU of Myb34.5, while zero of six mice perished when inoculated with the same amount of MGH1. These findings confirmed that reintroduction of ␥34.5 under the control of the B-myb promoter produced minimal neurovirulence.
Regulation of ␥34.5 gene expression in arrested and cycling cells. In order to further assess the behavior of Myb34.5 in quiescent versus cycling cells, primary human fibroblasts were plated and cell-cycle arrested with 20 M lovastatin, which has been shown not to interfere with herpes virus replication (48) . In arrested primary fibroblasts, MGH1, Myb34.5, and MybRevt demonstrated decreased viral replication relative to the F strain, at levels 1 logarithmic unit (PFU) lower than the single RR mutant hrR3 (Fig. 3) . In contrast, in the presence of serum, hrR3 and Myb34.5 demonstrated marked induction of replication, while MGH1 and MybRevt did not. These results suggested that (i) the ␥34.5 gene is required for efficient replication in this nontransformed cell type and (ii) the B-myb promoter functions to allow efficient replication of Myb34.5 in cycling cells. It is also notable that Myb34.5 exhibited a greater differential in the production of viral progeny in quiescent versus cycling cells than that of hrR3 (3 versus 2 logaritmic units) and that its viral production in quiescent cells was the same as that of the ␥34.5 mutant viruses.
Comparative studies on oncolytic effects. To determine the oncolytic efficiency of Myb34.5, five different glioma cell lines (9L, U87, U87⌬EGFR, T98G, and U343) were mock infected (no virus) or infected with a panel of viral strains, including F, a A total of 2.5 ϫ 10 5 murine fetal (day 18) striatal neurons were harvested and plated as previously described (9) . Two days after plating, cells were infected at an MOI of 0.1 with wild-type (strain F) and mutant viral strains in duplicate experiments. Twenty-four hours after infection, cells and supernatant were harvested and subjected to freeze-thaw cycles to liberate viral particles. Viral output was determined by plaque assay on Vero cells. Viral outputs of the four mutant viral strains (hrR3, MGH1, Myb34.5, and MybRevt) were not statistically different between groups (P Ͼ 0.3 [t test]). MGH1, Myb34.5, and MybRevt. Surviving cells were counted 48 h later and expressed as a percentage of cells surviving on mock-treated plates. In published studies of rat 9L gliosarcoma cells (26) and in unpublished experiments on human glioma cells U343 and T98 (46), we had preliminarily shown that tumor cell killing by MGH1 was similar to that by R3616 for two human glioma lines (Table 4) , and thus the latter mutant was excluded from further analysis. In all tumor cell lines tested, Myb34.5 demonstrated greater oncolytic efficiency in vitro than did the parental strain MGH1, and for some tumor cell lines its oncolytic efficacy approached that of the wild-type virus (Table 4) . These findings thus showed that the oncolytic effect of Myb34.5 was greater than that of the ␥34.5 mutant viruses (MGH1, MybRevt, and R3616, whose killing efficacy closely replicates that of MGH1).
In vivo anticancer effects. We then sought to determine the in vivo anticancer effects of Myb34.5. After establishing rat 9L gliosarcoma (Fig. 4A) or human U87dEGFR glioma (Fig. 4B ) tumors in the flanks of athymic mice, intraneoplastic inoculation with each virus was performed. 9L tumor growth, as assessed by mean tumor volumes, was significantly reduced by Myb34.5 treatment compared to control animals, with inhibition quantitatively similar to that after hrR3 treatment (Fig.  4A) . For U87⌬EGFR, a human glioma which expresses a common truncated epidermal growth factor receptor (22, 40, 41) , all strains significantly inhibited growth, with hrR3 and Myb34.5 producing 3 of 6 complete regressions, while MGH1 and MybRevt produced two of six regressions (to no visible tumor [ Fig. 4B]) .
Although a cursory analysis of Fig. 4B may lead to the conclusion that there were no significant differences in the growth of human U87⌬EGFR tumors treated with the ␥34.5 mutants (MGH1 and MybRevt) versus the ␥34.5 ϩ viruses (hrR3 and Myb34.5), review of the actual tumor volumes at the 34-day point does reveal the presence of a significant difference (Table 5) . These results thus showed that Myb34.5's in vivo oncolytic effects paralleled those of the single RR mutant and were superior to those of the ␥34.5 mutants.
DISCUSSION
The objective of this report was to show that the newly engineered, targeted double-mutant HSV strain Myb34.5 effectively kills malignant glioma cells both in vitro and in vivo, while retaining a high degree of safety in terms of neurotoxicity on direct intracranial inoculation in mice. This strain also exhibited minimal replication in primary arrested fibroblasts and marked induction of replication in cycling cells similar to the induction seen with an HSV characterized by a single RR mutation. In tumor cells, it also replicated vigorously, with improved oncolytic efficacy compared to the parental, double a Serial dilutions of virus in serum-free medium (volume, 10 l) were stereotactically injected into the right hemisphere of 3-week-old female BALB/c mice (six animals per PFU level; Charles River Laboratories). Animals were inspected daily for 28 days for mortality and the LD 50 was calculated by using a proportional distance model.
b No deaths (zero deaths per six animals) occurred at the listed dose, which was the highest attainable for these strains in the given injection volume. This is because titers of Ͼ10 9 PFU/ml could not be technically achieved with these mutants in growing Vero cells without industrial-scale production and intracerebral injections were limited to a maximum volume of 10 l.
c In parallel experiments, one death per six animals occurred at a dose of 10 7 PFU. Since titers of 5 ϫ 10 9 to 1 ϫ 10 10 PFU/ml could be achieved with Myb34.5 in rapidly dividing Vero or tumor cells, a more accurate LD 50 could be measured. RR-␥34.5 mutant, MGH1. Perhaps most importantly, Myb34.5, like MGH1 or other ␥34.5 mutants, demonstrated little pathogenicity in mice at intracerebral doses of 10 7 PFU, remaining neuroattenuated. Therefore, Myb34.5 exhibits improved oncolytic efficacy compared to the parental mutant MGH1, the marker-rescued revertant MybRevt, and MGH1's parental mutant R3616, while maintaining characteristics of neuroattenuation, with an LD 50 of Ͼ10 7 PFU. This value is qualitatively similar to those observed with ␥34.5 mutants, although strict quantitative comparisons were limited by the technical inability to accurately determine an LD 50 for the latter group of mutants.
A major objective in cancer gene therapy is to identify viral mutants that provide significant anticancer effects while at the same time demonstrating minimal side effects and toxicity towards normal cells and tissues. This feat has been accomplished by engineering replication-defective viral vectors, which should display minimal toxicity toward infected normal and tumor cells, and endowing them with the ability to express anticancer genes to achieve biologic effects (38) . When applied as inocula to large human tumor masses, such vectors do not diffuse well due to their size, thus limiting anticancer effects to cells located in proximity to the injection tract (3, 43) . One potential solution to this problem consists of the use of replication-conditional (oncolytic, replication-restricted) viral mutants that maintain the ability to replicate in a relatively selective fashion in tumor or mitotic cell while being restricted in their ability to replicate in normal cells. Such viral mutants would thus propagate from initially infected tumor cells to surrounding tumor cells, thus achieving a larger volume of distribution and enhanced anticancer effects. However, one might expect increased toxicity with these mutants. In order to minimize the potential toxicities associated with replicationconditional HSV-1, deletion of the endogenous ␥34.5 genes has been shown to significantly limit or eliminate the risk of encephalitis or meningitis upon intracerebral injection in rodents (11, 29, 30) and Aotus monkeys (35) . Further, in a phase I clinical trial in humans afflicted with malignant brain tumors, this type of mutant has not shown evidence of ill effects (31) .
We have been concerned that complete elimination of endogenous ␥34.5 function would also limit the anticancer effect of HSV. In published experiments, this limitation was shown for rat 9L gliosarcoma cells both in vitro and in vivo (26) . In the present study, we also tested killing mediated by HSV mutants with deletions of the ␥34.5 function (MGH1 and MybRevt) against a panel of five human glioma cell lines (Table 3) . As expected, we found that these mutants were relatively limited in their oncolytic efficacy, compared to the wild-type F strain. Similar findings were also observed with R3616, MGH1's parental strain (46) . However, the oncolytic efficacy of MGH1 was restored to levels that were closer to those observed with the wild-type F strain upon insertion of a single ␥34.5 gene under B-myb promoter control.
The significance of this result is that inoculation of Myb34.5 into tumors is expected to produce more extensive oncolysis than inoculation of MGH1, R3616, or other ␥34.5 mutants into tumors. In fact, the antitumor efficacy of Myb34.5 in vivo was found to be quantitatively similar to that of a single RR mutant (hrR3), suggesting that, in tumor cells, active expression of the ␥34.5 product reverts Myb34.5 to a ␥34.5-positive phenotype. However, because hrR3 is a simple insertional mutant, Myb34.5 may offer the theoretical advantage of being less prone to recombinatorial repair to wild-type in the presence of latent preexisting or subsequent HSV infection. Even in the unlikely event that repair of the ICP6 locus via homologous recombination might occur, the B-myb promoter-␥34.5 insert would be excised and return Myb34.5 to the ␥34.5 deletion genotype of R3616, the parental virus for MGH1.
Published results have demonstrated that at least one function of ␥34.5 is to preclude the host cell's response to viral infection, namely, the triggering of host protein synthesis shutoff in an apoptosis-like response (10, 11, 13) . A similar function is widespread among pathogenic viruses (16, 17, 23, 50) . While ␥34.5 is nonessential for viral growth in culture in Vero cells, it enables the virus to spread in the mouse central nervous system (24, 25, 30) and maps to a region of the HSV genome previously implicated in CNS replication (7, 30) . This may be due to the fact that the ␥34.5-encoded protein inhibits the doublestranded RNA-dependent kinase. On exposure to doublestranded RNA molecules, as seen commonly with viral infection, RNA-dependent kinase phosphorylates the alpha subunit of elongation initiation factor 2, resulting in inhibition of protein synthesis (11) (12) (13) . Infection of cells of neuronal origin with mutants incapable of expressing ␥34.5 results in shutoff of cellular protein synthesis, with the resultant limitation of viral production. One critical aspect of the present project was to show restoration of ␥34.5 function by B-myb promoter transcriptional control. This was done by demonstrating that infection of cells with MGH1 and MybRevt resulted in suppression of protein synthesis, while protein synthesis was restored when Myb34.5 was the infecting virus. Further evidence for the novel B-myb transcriptional dependence of ␥34.5 function to the cell cycle was provided by the lovastatin arrest experiments. These clearly showed that under growth arrest conditions, when Bmyb transcriptional activity is minimal, titers of Myb34.5 were similar to those of MGH1 and MybRevt and dissimilar from those of the wild-type F strain and hrR3. However, when cells were serum stimulated, titers of Myb34.5 increased by 3 orders of magnitude, approaching titers observed with strains F and hrR3, while titers of the ␥34.5 mutants (MGH1 and MybRevt) increased only slightly. It was notable that the basal level of replication of Myb34.5 was lower than that of hrR3 in quiescent cells and was more quantitatively similar to that of the RR-␥34.5 mutant MGH1. Myb34.5 demonstrated a higherfold induction of replication in cycling cells than hrR3, while MGH1 and MybRevt showed minimal induction, suggesting that the effects of the Myb34.5 construct exceed the effect of simple complementation of ribonucleotide reductase. These results thus appear to confirm our initial hypothesis that the B-myb promoter restricts viral replication in quiescent cells and redirects viral replication to cycling cells. In the context of brain tumor therapy, Myb34.5 would thus replicate at relatively low levels (similar to the levels observed with MGH1) in cells that are quiescent, but infection of dividing brain tumor cells would produce a significant increase in viral titers, thus providing a therapeutic advantage over MGH1 or other ␥34.5 mutants. Infection of normal brain cells can occur with ␥34.5 mutants (24, 25, 30) , and one would expect Myb34.5 action to mimic that of these mutants in quiescent infected neural cells. In fact, our in vitro and in vivo studies do show that Myb34.5 replication in cultured neurons and in the brains of mice is similar to that of the ␥34.5 mutant viruses (MGH1, MybRevt, and R3616) and dissimilar from that of wild-type F strain and hrR3.
An alternative explanation may be that observed effects of Myb34.5 are due to the replacement of the two endogenous ␥34.5 genes by a single ␥34.5 gene and by use of a promoter (B-myb) that is weaker than the endogenous HSV ␥34.5 promoter and whose characteristics of strict cell cycle regulation are disrupted in the context of the HSV genome. Although formal exclusion of this possibility would require extensive additional experimentation with mutant B-myb promoters, we believe that it remains unlikely in view of the current experimental data. If this explanation were true, then one would predict (i) Myb34.5 replication in quiescent cells to be higher than that of ␥34.5 deletion mutants because of low level expression of the ␥34.5 gene by a deregulated B-myb promoter in the former mutants, (ii) the inhibition of host protein synthesis shutoff observed in neuroblastoma cells infected with Myb34.5 ( Fig. 2) to be less pronounced than that observed in cells infected with F or hrR3 because of lower expression of the single ␥34.5 gene with a weaker promoter compared to the robust expression achieved by the two ␥34.5 genes driven by the endogenous HSV promoter, (iii) the replication of Myb34.5 in U373 cells, known to severely restrict replication of ␥34.5 mutants (37), to also be somewhat restricted by the weaker expression of the ␥34.5 gene in Myb34.5 compared to that of F or hrR3, and (iv) the differential in replication between quiescent and cycling cells to be higher for the hrR3 or F strain (expressing two copies of ␥34.5 driven by the endogenous HSV promoter) than that for Myb34.5 (expressing one copy of ␥34.5 driven by a deregulated B-myb promoter).
The experimental data in this report does not agree with the aforementioned predictions. The most likely explanation for the observed results is that the B-myb promoter remains regulated in a relatively tight fashion even in the context of the HSV genome, thus leading to minimal, if any, expression of ␥34.5 in quiescent cells and to levels of expression in cycling and tumor cells that appear functionally similar to those observed with viral strains with intact ␥34.5 function.
We have recently shown that HSV mutants can be engineered to function as vectors. This allows them to express not only viral oncolytic functions but also additional anticancer effects, thereby increasing their therapeutic efficacy (9) . Clearly, Myb34.5 may also provide a suitable backbone for the addition of anticancer genes, such as those that activate prodrugs. As tumor-selective promoters are identified, it would be relatively easy to use these to control expression of the ␥34.5 gene or other virulence genes in order to further restrict viral production to tumor versus normal cells. The approach described in this report may also be used to restrict virulence to specific cell types in a tissue, by employing cell-specific promoters.
The B-myb promoter contains a consensus E2F binding site, is strictly regulated in cycling cells, and is in fact repressed in G 0 (1, 27, 28) . A replication-defective adenovirus containing an E2F-responsive promoter has been used to demonstrate tumor-specific gene expression, relative not only to quiescent neuronal tissue but also to nontransformed normal cycling cells (42) . Alteration of some portion of the cell cycle-regulatory p16-retinoblastoma-cdk4 pathway, which regulates E2F, appears to be a near-universal event in human gliomas as well as many other tumor types and provides an excellent substrate for targeting tumor specific expression of viral gene products (21, 52) . Another HSV-1 mutant in which an albumin promoter was employed to regulate the expression of ICP4 toward hepatocytes has been described (36) . The primary difference from the strategy described in the present report is the use of a promoter that may be considered tumor or cell cycle specific instead of hepatocyte specific and the use of an HSV gene that is directly related to virulence (␥34.5) rather than an essential transcription factor, such as ICP4. In contrast to many viral vectors under investigation for treatment of glioblastoma, Myb34.5 is replication competent, and targeted virulence is obtained by regulating viral replication and direct oncolysis. In this respect, Myb34.5 represents a novel, targeted oncolytic herpesvirus and adds to recently described tumor-selective, oncolytic adeno-and reoviruses (2, 15) . The E1B-defective adenovirus ONYX-015 is thought to depend on alterations of the p53 tumor suppressor pathway for efficient replication in tumor cells, although recent evidence has called into question this mechanism (20) . A reovirus strain has been shown to selectively replicate in cells with an activated ras pathway (15) . Myb34.5 may take advantage of alterations of the p16-cdk4-RB-E2F pathway and adds to the possibility that multiple tumor genetic alterations may be targeted by different viral treatment strategies. The strategy of using cell-specific or tumor-specific promoters to drive expression of the ␥34.5 gene may also be suitable as a means to eliminate selected cell populations in vivo. Finally, the finding of increased safety combined with potent antitumor efficacy suggests that Myb34.5 should be further studied as a treatment agent for malignant tumors.
